Monoclonal antibodies directed against several herpes simplex virus (HSV)-induced DNA-binding proteins were used to investigate protein interactions in HSV-infected cells. Q1 monoclonal antibody, which is specific for the HSV-induced alkaline nuclease, when used in an immunoadsorbant column resulted in the purification of the alkaline nuclease, to which large quantities of the major DNA-binding protein were bound. Conversely, when a monoclonal antibody to the major DNA-binding protein was used in affinity chromatography other polypeptides (including the DNA polymerase and alkaline nuclease) were eluted in addition to the major DNA-binding protein. Similar results were obtained when the experiment was performed using a monoclonal antibody to another HSV-2 DNA-binding protein. These results suggest the possibility that these polypeptides interact as part of the HSV DNA replication complex, and this hypothesis is discussed.
INTRODUCTION
Herpes simplex virus (HSV)-infected cells are an interesting system in which to study DNA replication in view of the unusual structure of the virus DNA, the importance of the virus as a human pathogen and the usefulness of the virus DNA replication proteins as targets for antiviral chemotherapy (Sheldrick & Berthelot, 1975 ; Evans, 1982; Darby et al., 1981) . In order to understand this process the virus DNA replication complex must be understood. Many attempts have been made to isolate DNA replication complexes from HSV-infected cells. Such attempts have met with only limited success due to the difficulty of separating the processes and structures involved in DNA synthesis from those involved in the assembly of virus particles (Pignatti et al., 1979; Pignatti & Cassai, 1980; Leinbach & Casto, 1983) . We and others have demonstrated the presence in HSV-infected cells of some 15 to 20 proteins with affinity for DNA as measured by affinity chromatography using a DNA-cellulose matrix (Bayliss et al., 1975; Purifoy & Powell, 1976) . We have examined four of these polypeptides in some detail. ICSP 11, 12 is the major virus-induced DNA-binding protein Littler et al., 1983; Lee & Knipe, 1983) . ICSP 34, 35 and a second polypeptide of 150000 mol. wt. are the major components of the virus DNA polymerase (Powell & Purifoy, 1977) . ICSP 22 is the alkaline nuclease induced by the virus (Keir & Gold, 1963; Banks et al., 1983) . Using monoclonal antibodies to these polypeptides we have examined the relationship between them and other virus-induced proteins using immunoaffinity columns.
METHODS
Cells, medium and viruses. Human epidermoid carcinoma no. 2 (HEp-2) cells used for all experiments were grown in Eagle's medium containing 10% calf serum and 0.025% sodium bicarbonate. The viruses used in this study were the 186 strain of HSV-2 (Rawls et al., 1968) and the HFEM strain of HSV-1 (Watson et al., 1966) . Cells and virus were grown as described previously (Purifoy & Benyesh-Melnick, 1975) .
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Infection and radiolabellingprocedures. Infection and radiolabelling procedures were done as reported previously (Powell & Courtney, 1975) . Briefly, batches of 1.2 × 108 HEp-2 cells growing in 80 oz glass roller bottles were inoculated with virus at a multiplicity of infection of 20 p.f.u./cell. Virus was allowed to adsorb to the cells for 1 h at 37 °C. At the end of the adsorption period, the remaining inoculum was decanted and the cell monolayers rinsed twice with fresh medium. Medium containing 1 p.Ci/ml [35Slmethionine (Amersham) was then added to the monolayers. Cells were harvested at the end of 18 h post-infection by scraping into the medium, and were subsequently collected by centrifugation at 2000 r.p.m, for 5 min. The cells were washed twice with phosphate-buffered saline (PBS) before being frozen at -70 °C as dry pellets.
Protein extraction. All procedures were done at 0 to 4 °C. The frozen infected cell pellets were thawed and suspended in extraction buffer (20 mM-Tris-HC1 pH 7.5, 0.5 mM-dithiothreitol) at a cell concentration of 1 x 107 to 3 × l0 T per ml. The cells were then subjected to ultrasonic disruption and extracted with high salt as described previously (Powell & Purifoy, 1977) . The extract was dialysed overnight against several changes of PBS after which it was clarified by sedimentation at 40000 r.p.m, for 1 h. The supernatant fluid was then used for immunoadsorbant chromatography.
Preparation ofmonoclonal antibodies. This was done as described previously (Banks et al., 1983) . Monoclonal antibodies used in these experiments were as follows: LP4 and 10-E3, monoclonal antibodies to the major DNAbinding protein, were kind gifts of Dr A. C. Minson and Dr K. Shriver respectively; Q1 and V1, monoclonal antibodies to the HSV-induced alkaline nuclease, have been extensively characterized elsewhere (Banks et al., 1983 ; and unpublished results); SD1, a monoclonal antibody to the HSV-2-induced ICSP 34, 35 recently isolated in this laboratory (unpublished results); tk30a, a monoclonal antibody to the HSV-2-induced thymidine kinase (Banks et al., 1984) . Table 1 summarizes the properties of these antibodies, all of which were prepared using HSV-2 antigens.
Purification ofmonoclonal antibody.
Ten to 20 mg of monoclonal antibody (ascitic fluid) was dialysed overnight against PBS and then applied to a column of DEAE~ellulose (DE52; Whatman) equilibrated in PBS. The column was washed in PBS and the absorbance at 280 nm of individual fractions was determined. Peak fractions were pooled and stored at 4 °C with 0-02~ sodium azide.
Immunoadsorbant chromatography. Five to 10 mg of purified monoclonal antibody was coupled to 1 g of CNBractivated Sepharose 4B (Pharmacia) according to the manufacturer's instructions. The extract was applied to the column (0.7 x 8 cm) and allowed to recycle overnight. The column was then washed extensively with PBS and bound material eluted sequentially with 0-3 M-NaC1, 3 M-NaC1 and 3 M-potassium thiocyanate (KSCN).
Polyacrylamide gel electrophoresis. This was done as described previously (Powell & Courmey, 1975) . The results were analysed by fluorography (Bonner & Laskey, 1974) .
ELISA. Briefly, optimal dilutions of individual column fractions were adsorbed to the wells of 96-well plastic plates overnight at 37 °C in bicarbonate-carbonate buffer pH 9-5. The wells were washed with 0-5~ Tween 20, 0.85 ~ NaCI and suitable dilutions of the monoclonal antibodies added to the wells. Antibody was allowed to adsorb for 3 h at 20 °C when the wells were again washed. Each well was then treated with 0.2 ml of a suitable dilution of horseradish peroxidase-conjugated anti-mouse IgG (DAKO, Copenhagen, Denmark). After 1 h at 20 °C the wells were again washed and 0.2 ml of 0.01 ~ o-phenylenediamine solution was added. After 1 h at 37 °C the yellow colour that developed was measured using a Flow Laboratories Titertek Multiskan reader.
Western blotting. The technique used was a modification of that of Towbin et al. (1979) . Virus-infected cell extracts were run on a polyacrylamide gel and then electrophoretically transferred to nitrocellulose paper (0.45 ~m, Schleicher & Schiill) using the Bio-Rad Trans-Blot Cell system. Transfer took place in a buffer of 40 ~ methanol, 25 mM-Tris-HCl, 190 mM-glycine pH 8-2 at 30 V overnight. The nitrocellulose was then soaked in a solution of 3 glycine, 0.9% NaC1, 10 mM-Tris HCI pH 7.5 and 10~ calf serum for 1 h at 39 °C. Following extensive washing in PBS, monoclonal antibody diluted in PBS with 10~ calf serum was added and allowed to react for 2 h at 20 °C. Following further washes in PBS, rabbit anti-mouse peroxidase conjugate (DAKO) diluted in PBS with I0~ calf serum was added for a further 2 h. At the end of this period, the paper was washed in PBS and the proteins visualized by adding substrate (75 mg Hanker-Yates reagent in 50 ml 0.1 M-Tris-HCI pH 7.5, 0.01 ~ H202) for 15 min in the dark. The paper was then washed in PBS, water, 50~ ethanol and finally 75~ ethanol. Immunoprecipitations. A 100 p~l amount of purified protein was reacted with various amounts of an optimal dilution of the antibody (4 °C, 12 b). The resulting immune complexes were precipitated by the addition of 75 ~tl of washed formaldehyde-fixed Staphylococcus aureus (a kind gift from Drs R. E. Randall and R. W. Honess). After 20 min at 20 °C the cells and adhering complexes were collected by sedimentation at 2000 r.p.m, for 15 rain. The pellet was washed six times in PBS, and the immune complexes were dissolved in disruption buffer and used for electrophoresis.
DNA polymerase assays. Peak fractions from the column were dialysed against DE buffer (50 mM-Tris-HC1 pH 7.5, 0.5 mM-dithiothreitol, 0.2~ NP40, 20~ glycerol). These were then assayed for DNA polymerase activity exactly as described previously (Powell & Purifoy, 1977) .
RESULTS

Monoclonal antibody immunoaffinity chromatography
The experiment shown in Fig. 1 demonstrates this technique, using the Q1 monoclonal antibody whose activity is directed against the alkaline nuclease (Banks et al., 1983) . We shall include only this profile of the column eluate as each one shows similar results. In Fig. 1 the method is clearly shown; the extract was applied to the column and after overnight binding the unbound material was washed offthe column and washing continued until background level was reached. Elution of weakly bound material was achieved with 0.3 M-NaCI in PBS until background was again reached followed by washes in similar fashion with 3 M-NaC1 and 3 M-KSCN in PBS. Exhaustive washing between the various eluates did not alter the pattern of bound proteins. Selected fractions from the column were then analysed for polypeptide content. In spite of the specificity of this antibody, the column retained major amounts of two polypeptides, ICSP 11, 12 ) the major DNA-binding protein and ICSP 22 the alkaline nuclease.
The major DNA-binding protein was eluted from the column by low concentrations of salt, whereas the alkaline nuclease required 3 M salt for elution. Two other proteins were bound in minor quantities by the column; these were a 150000 mol. wt. polypeptide and ICSP 34, 35 (the two components found in purified preparations of the virus DNA polymerase), although the amounts of these proteins were such that they are not visible on the photograph in Fig. 1 . To rule out serological cross-reaction the reactivity of the antibodies with each of the proteins in purified form was examined using immunoprecipitation (Fig. 2) . Thus, radiolabelled major DNAbinding protein or alkaline nuclease were reacted with increasing volumes of either monoclonal antibody QI or monospecific antiserum to the major DNA-binding protein. The results show that purified preparations of each protein are only reactive with their homologous antisera.
In order to exclude the possibility that the retention of the major DNA-binding protein by the Q1 affinity column was non-specific, we used the same type of HSV-2-infected cell extract on an unrelated monoclonal antibody affinity column. Thus, an extract identical to that used on the Q 1 immunoadsorbant was applied to a column consisting of monoclonal antibody tk304 directed against the HSV-2-induced thymidine kinase. In this case, no proteins were eluted from the column with either 0.3 M-NaC1 or 3 M-NaC1 (Fig. 3) . Thymidine kinase was eluted from the column with 3 M-KSCN, together with trace amounts of both virus capsid protein and the major DNA-binding protein. We have seen this kind of contamination with other monoclonal antibody columns, where the avidity of the antibody requires KSCN for antigen elution. The contamination, however, does not compare with the quantity of the major DNA-binding protein seen binding to the Q1 antibody column shown in Fig. 1 . As an additional check on the specificity of the binding of proteins to such columns we used the HSV-2-specific monoclonal antibody V1 (Banks et al., 1983; and unpublished results) , this antibody was bound in an identical fashion as Q1 to Sepharose and was used in chromatography of an extract of HSV-l-infected cells. The results of this experiment showed that under conditions where there is no binding of nuclease to the column no retention of major DNA-binding protein or any other protein is observed. Using the same column with an extract of HSV-2-infected cells resulted in similar binding of alkaline nuclease and the major DNA-binding protein to that seen with the Q1 antibody. Top half of the figure shows the elution profile from a Q1 monoclonal antibody immunoadsorbant column on to which has been loaded an extract of HSV-2-infected cells prepared as described in Methods. Fractions were analysed by estimation of TCA-precipitable protein in each fraction. The material eluting at the various salt concentrations was analysed by PAGE. Lane 1, material applied to the column; lanes 2 and 3, material which is not bound. Lane 4, polypeptides eluting with 0-3 ra-NaCl; lane 5, polypeptides eluting with 3 M-NaCI. The polypeptides were identified as the major DNA-binding protein and alkaline nuclease by ELISA using specific monoclonal antibodies and by Western blotting using the same antibodies. Some residual alkaline nuclease was removed from the column with 3 M-KSCN (upper panel). 
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Immunoaffinity chromatography with monoclonal antibody to the major DNA-binding protein
LP4 monoclonal antibody to the HSV-2 major DNA-binding protein was coupled to Sepharose as described for Q1, and similar experiments were performed. In this case the antibody had high affinity for its specific antigen, and 3 M-KSCN was required for quantitative elution of the DNA-binding protein (Fig. 4) . However, considerable quantities of additional polypeptides were seen to elute with the lower salt washes. The major polypeptides eluting at 0-3 M-NaC1 correspond to the alkaline nuclease and ICSP 34, 35. In addition, three polypeptides with mobilities consistent with their being ICSP 10, the major capsid protein and ICP4 were observed. In the case of the ICSP 34, 35 and alkaline nuclease polypeptides we could identify them unequivocally using their respective monoclonal antibodies. In order to achieve this a Western blot of an identical gel run with the same fractions as used on that shown in Fig. 4 was done. Before use in this experiment each monoclonal antibody was used individually in Western blot experiments to check its specificity for its respective polypeptide. The results clearly show (Fig.  5 ) that both the alkaline nuclease and ICSP 34, 35 proteins are removed by chromatography from the column and elute with 0.3 M-NaCt (lanes 4 and 5). This figure also demonstrates the quantitative removal of the DNA-binding protein from the material applied to the column. Although the elution of the DNA-binding protein can be observed (Fig. 4) unfortunately Western blot analysis of KSCN fractions has proved unreliable and the protein could not be detected by this technique; it can, however, be detected by ELISA on the K S C N peak.
As an additional control to these experiments the material eluting from the LP4 antibody column was reacted with antibody specific for the HSV-2 thymidine kinase. It was clear from this result that thymidine kinase was not removed from the material applied to the column and could not be detected in the salt washes, indicating the specificity of the reaction. Immunoaffinity chromatography with monoclonal antibody to ICSP 34, 35 SD1 monoclonal antibody specific for the HSV-2 ICSP 34, 35 was used in immunoadsorbant chromatography as described for Q1 and LP4. The polypeptides eluting from this affinity column are shown in Fig. 6 . Clearly the major polypeptide present is ICSP 34, 35 eluting with 3 M-NaCI; however, additional polypeptides are again present. Co-eluting with the ICSP 34, 35 are small amounts of the HSV DNA polymerase and the major DNA-binding protein. Presence of the DNA polymerase was confirmed by assaying the fractions for enzyme activity, demonstrating a peak of DNA polymerase activity in the 3 M-NaC1 wash. In addition, a small amount of the alkaline nuclease was also observed eluting at 0.3 M-NaCI. To rule out any crossreaction of SD: with other polypeptides the monoclonal antibody was reacted with the above polypeptides by ELISA. The specificity of SD1 for ICSP 34, 35 was confirmed since the antibody reacts only with this polypeptide and not with purified major DNA-binding protein or alkaline nuclease (data not shown).
DISCUSSION
The data presented in this paper demonstrate the interactions between the following HSV proteins : the two polypeptides present in DNA polymerase preparations, the major DNA-binding protein, and the alkaline nuclease. These interactions support a previous observation we made on the effect of a mutation in the DNA-binding protein on the stability of both the enzymes (Littler et al., 1983) . Thus, two mutants in the DNA-binding protein ts314 and ts19 (both in complementation group 2-2), induce DNA polymerase and nuclease at permissive temperature but both enzymes are sensitive to the non-permissive temperature. Both lines of evidence suggest a functional complex between these proteins and possibly other virus or host products.
The observation of these complexes depends on the use of monoclonal antibodies. With monospecific polyclonal antiserum to these proteins we have not observed the complexes so clearly demonstrated here. It is possible that the binding of the polyclonal antibody at multiple sites on the protein is sufficient to disrupt the complex. A great advantage of this technique is that it does not require the preliminary purification of any of the components of the replication system. Furthermore, the complex can be probed using a wide variety of antibodies reactive with any of the identified proteins of interest. The experiments described here have demonstrated specific interactions between herpesvirus proteins involved in DNA synthesis; these link the HSV DNA polymerase, alkaline nuclease and the DNA-binding protein. The technique can now be applied to the detection of weaker interactions. Of particular interest was the observation of a protein with the electrophoretic mobility of ICP4 bound to the DNA-binding protein monoclonal antibody column. We are currently investigating this phenomenon using mutants in the ICP4 gene to assess its importance.
We should emphasize that in these experiments we have used an extract containing only smaller complexes and now intend deliberately to use extracts containing complexes of higher orders. This communication concentrates on interactions between known HSV DNA-binding proteins. The approach will now be extended to search for hitherto unknown HSV polypeptides with affinity for the complex and to search for host cell proteins with similar affinities. Of particular note from the data presented above is the degree of association between the various components of the putative replication complex. Very strong association is observed between the major DNA-binding protein and the alkaline nuclease, and between the ICSP 34, 35 and the major DNA polymerase polypeptide. In addition, an association of intermediate strength appears to exist between the major DNA-binding protein and ICSP 34, 35. These data together with a high degree of antigenic conservation of the major DNA-binding protein Littler et al., 1981) and a high degree of homology in the DNA coding for this polypeptide in different herpesviruses (Davison & Wilkie, 1983) suggest that the major DNA-binding protein occupies a central role in the HSV DNA replication complex.
It is of interest to compare our results with those recently obtained by Alberts et al. (1982) . In their studies of the T4 system it was shown that the gene 32 product of T4 has a central role in the structure of the D NA replication complex of that virus : a remarkable parallel to the situation we have seen with the HSV system. It is now appropriate to use other techniques such as direct isolation of DNA replication complexes, to examine differences in the replication complex isolated by different methods.
